CONVERSION FACTORS AND ABBREVIATIONS

INTRODUCTION
Rural regions of southeastern Pennsylvania surrounding Philadelphia, including Chester County ( fig. 1) , are undergoing population increases. Increasing suburban populations and subsequent increasing water use affect water resources. The Chester County Planning Commission (CCPC) estimates that 10 to 15 million gallons of additional water will be needed by the year 2020 for community systems to meet residential needs (Chester County Planning Commission, 1996a, p. ES-4) . These estimates do not include large net increases from commercial, industrial, or institutional customers. In addition to increased demands for water supply, this projected growth will also require accommodating disposal of increased volumes of treated wastewaters through land application, injection to ground water, and discharge to streams.
In July 1996, Chester County Board of Commissioners adopted Landscapes, a comprehensive planning policy document, to guide growth management across the county (Chester County Planning Commission, 1996b) . To support the implementation of Landscapes, a county-wide Water Resources Management Plan is being developed. This Water Resources Management Plan will quantify available resources and provide strategies to address water-supply needs, manage utilization of source waters (quality and quantity), and preserve the integrity of Chester County's natural resources (Janet Bowers, Executive Director, Chester County Water Resources Authority, written commun., 1998). Achieving these planning objectives requires a thorough understanding of the low-flow statistics of the watersheds of Chester County.
Low flow is defined as "fair-weather flow" or base flow, which is streamflow during non-storm periods that consists primarily of ground-water discharge. Low-flow characteristics, or statistics, must be known to develop resource-management plans. Low-flow statistics are particularly important to resource managers who must plan for adequate water supply for consumptive use, to engineering consultants who design wastewater treatment plants, to government officials responsible for water releases from reservoirs for low-flow augmentation, and to resource managers and conservationists who must ensure that sufficient flows are maintained to support aquatic communities. Low-flow statistics normally are derived from long-term streamflow data. The long-term data are used to calculate historical low flows and their frequency of occurrence. A statistic typically determined to characterize low flow is the 7-consecutive day, 10-year (7Q10) low-flow value. The 7Q10 is defined as the lowest mean streamflow over 7 consecutive days, which, on average, has and probably will occur once every 10-year period. The 7Q10 is of particular importance to wastewater dischargers. The 7Q10 is frequently adopted by regulators as the minimum flow to define discharge and instream passby permit conditions to protect stream-water quality (Commonwealth of Pennsylvania, 1994) .
The U.S. Geological Survey (USGS), in cooperation with the Chester County Water Resources Authority (CCWRA), completed the study described here to determine low-flow statistics of streams in Chester County. The objectives of this study were to update low-flow statistics at USGS continuous-record streamflow stations, to estimate low-flow statistics at USGS partial-record sites, and to compile from USGS records low-flow streamflow measurements for streams throughout the county.
PURPOSE AND SCOPE
This report presents low-flow statistics at USGS continuous-record streamflow stations and partialrecord sites in Chester County and the methods used in determining the low-flow statistics. The following low-flow statistics are presented: the minimum average 1-day (1Q10), 7Q10, and 30-consecutive day (30Q10) low-flow value having a 10-year recurrence interval and the mean streamflow and harmonic mean streamflow determined from data collected over a station's period of record. Data are presented for 16 continuous-record streamflow stations: 14 in Chester County, 1 in Maryland (Big Elk Creek near Elk Mills, Md.), and 1 in Delaware (White Clay Creek near Newark, Del.). Low-flow statistics are presented for 34 partial-record sites where streamflow measurements have been made at irregular intervals. A brief discussion of the limitations of the low-flow statistics is included. The report also presents low-flow streamflow measurements made at 151 partial-record stations throughout the county. A table listing the partial-record stations and a table of streamflow measurements made at those stations are presented in the appendixes.
DRAINAGE SYSTEM
Streams in Chester County drain to one of three major drainage systems, the Delaware River/Delaware River estuary, the Chesapeake Bay estuary, and the Susquehanna River watershed. Streams in northern Chester County drain to the Schuylkill River, which is a tributary to the Delaware River. Streams in the eastern part of the county drain to the Delaware River. Streams in the central and south central part of the county drain to the Christina River, which is a tributary to the Delaware River estuary. Streams in the southern part of the county drain to the Elk Creek and Northeast Creek watersheds, which are tributaries to the Chesapeake Bay estuary. Streams in the western part of the county drain to the Octoraro Creek and Pequea Creek Basins, which are tributaries to the Susquehanna River. The stream network, the major drainage basin divides, and the locations of continuous-record streamflow stations in Chester County and on Big Elk Creek and White Clay Creek are shown in figure 2. Bush and Shaw (1966) provided low-flow statistical tables for streamflow-measurement stations with unregulated flow and 10 or more years of record. Bush and Shaw (1966) also provided flow-duration tables for streamflow-measurement stations with 5 or more years of record. They estimated the annual minimum average 7-consecutive-day, 2-year recurrence interval (7Q2) and 7Q10 low-flow statistics at streamflow-measurement stations with less than 10 years of record at partial-record sites and miscellaneous measurement sites throughout Pennsylvania and adjacent states. Page and Shaw (1977) presented low-flow and flow-duration characteristics for 1,210 sites in and adjacent to Pennsylvania. Their report was an update of the report by Bush and Shaw (1966) . Flippo (1982) developed multiple-regression equations to estimate low-flowfrequency characteristics for most streams in Pennsylvania. Carpenter and Hayes (1996) provided low-flow statistics of streams in Maryland and Delaware, which included statistics for the station Big Elk Creek near Elk Mills, Md. 
PREVIOUS INVESTIGATIONS
LOW-FLOW STATISTICS OF SELECTED STREAMS
Low-flow statistics are estimated by use of statistical analyses of historical streamflow data. Statistical information based on streamflow data can be used to predict future variability of streamflow, not in terms of specific events, but in terms of probability of occurrence over a span of years (Nuckels, 1970) . The probability of occurrence of annual low flows (lowflow characteristics) can be described by low-flowfrequency curves (Riggs, 1972) .
Low-flow-frequency curves were used in this investigation to estimate low-flow statistics of streams in Chester County. The low-flow statistics determined are the annual minimum average 1Q10, 7Q10, and 30Q10 low-flow values. These statistics are based on the minimum average 1-day, 7-consecutive-day, and 30-consecutive-day flow from each year of record with a recurrence interval of 10 years (cumulative probability of 0.10). A 7Q10 of 1.0 ft 3 /s means that the probability is 1 in 10 that the annual minimum average 7-consecutive-day streamflow for any year will be less than 1.0 ft 3 /s, or that the annual minimum average 7-consecutive-day streamflow of less than 1.0 ft 3 /s should be expected at the site, on average, once every 10 years (Hayes, 1991) . Low-flow data were analyzed on the basis of a climatic year April 1 to March 31. This period is used so that streamflow through the entire low-flow season, generally July through October, is included within the year.
An additional low-flow statistic, the harmonic mean, was determined for all continuous-record streamflow stations. The harmonic mean is determined by summing the inverses of daily mean streamflow data for the entire period of record and dividing the resulting sum by the number of data values. The quotient is reciprocated to yield the harmonic mean. In Pennsylvania, the harmonic mean may be used to evaluate effects on surface water from diffuse flow of contaminated ground water under regulations of the Land Recycling Program (Act 2) legislation (Pennsylvania Department of Environmental Protection, 1997).
FACTORS AFFECTING LOW FLOWS
The low flow of streams is affected by many factors, such as underlying geology, impoundment regulations, stream diversions, basin topography, and short and long-term weather and climatic changes. The size of the drainage area is also a factor that affects the magnitude of low flow; generally, drainage area and low flow are directly proportional. Land-use changes can affect low flow. If large areas of a basin are covered by impervious surfaces, such as parking lots, the increase in storm runoff and the reduced infiltration of precipitation will decrease the base flow of a watershed.
GEOLOGY
The underlying geology of a basin affects low flow because at low flow (or base flow) most, if not all, of the streamflow is from ground-water discharge. The more permeable or more highly fractured the underlying bedrock, the more water that can be stored and subsequently discharged to the stream.
Chester County is underlain by crystalline and metamorphic rocks; shales, sandstones and siltstones; and carbonate rocks. In this report, the rocks have been generalized into four bedrock groups-gneiss, schist and phyllite, shale and sandstone, and carbonate rock. In Chester County, gneiss comprises 44 percent, schist and phyllite comprise 41 percent, shale and sandstone comprise 9 percent, and carbonate rock comprises 6 percent of the underlying bedrock ( fig. 3) .
Gneiss, schist, and phyllite are metamorphic crystalline rocks. Ground-water flow paths in these rocks are usually short; ground water flows from hilltops to stream valleys, and ground-and surfacewater drainage divides usually coincide (Sloto, 1994) . Ground water in these rocks generally is unconfined (water-table conditions), and the water table is usually a subdued replica of the land surface (Sloto, 1994) .
Shales and sandstones are sedimentary rocks, and ground-water flow within these rocks may have local and regional components. In Chester County, shallow ground water discharges locally to nearby streams, and deeper, regional ground-water flow is toward the Schuylkill River, the point of regional ground-water discharge (Sloto, 1994) . Streams that drain areas underlain by shales and siltstones generally have small amounts of flow during periods of low flow, and because of regional flow, groundwater and surface-water divides may not coincide.
Carbonate rock is made up of limestones and dolomites. Because carbonate rock can be dissolved by water, large solution openings or caverns can develop and transmit large amounts of water. Some streams in carbonate valleys are dry for extended periods, while those fed by large springs may have relatively large flows even during periods of otherwise low flow. Ground-water flow paths seldom mimic local topography, and ground-water and surface-water divides may not coincide. Also, streams crossing carbonate valleys may lose water to sink holes or may gain water from springs. Therefore, estimating lowflow statistics in streams underlain by carbonate rock where no streamflow-measurement station is present has questionable validity. Low-flow statistics for streams underlain by carbonate rock given in this report apply only to the immediate stream reach in which the continuous-record streamflow station is located.
Because geology affects low flow, the percentages of each bedrock group upstream from each streamflow-measurement station were determined (table 1). As explained later in the report, the percentage of each bedrock group above each streamflow-measurement station was used when estimating low-flow statistics at partial-record sites.
IMPOUNDMENTS AND DIVERSIONS
Dams and reservoirs have a major effect on low flow of streams. Reservoirs are used for water supply and to augment low flow, which increases the magnitude of low flow. Releases of water from the Marsh Creek Reservoir, for example, during periods of low flow, increases base flow in Marsh Creek and Brandywine Creek downstream from the reservoir ( fig. 2 ).
Low-flow statistics were determined for the continuous-record streamflow station Brandywine Creek at Chadds Ford, Pa., before and after the construction and subsequent operation of the Marsh Creek Reservoir, which started in November 1973. The 7Q10 for 1913-73 was 68.5 ft 3 /s, and the 7Q10 for 1973-94 was 89.4 ft 3 /s. The difference represents a 30-percent increase. Some of the increase in the 7Q10 can be attributed to changes in climatic conditions over the 82-year long period of record, but most of the increase in low flow can be attributed to releases from the Marsh Creek Reservoir. To demonstrate the effects of reservoir releases, flow-duration curves were constructed for a common period of record for (1) East Branch Brandywine Creek near Downingtown, Pa., which is affected by low-flow releases from Marsh Creek Reservoir, and (2) French Creek near Phoenixville, Pa., which is not affected by regulation. A flow-duration curve is a cumulative frequency curve that shows the percentage of time a specified flow was equaled or exceeded during a specified period (Searcy, 1959) . The drainage area above East Branch Brandywine Creek near Downingtown is 60.6 mi 2 , and the drainage area above French Creek near Phoenixville is 59.1 mi 2 . The flow-duration curves from both stations are shown in figure 4 . The 95-percent flow-exceedance value for East Branch Brandywine Creek is equal to or greater than 23.0 ft 3 /s; the 95-percent flow-exceedance streamflow for French Creek near Phoenixville is equal to or greater than 17.4 ft 3 /s. Therefore, for the period of record 1974-94, the streamflow duration at the 95th percentile at East Branch Brandywine Creek is 32 percent more than that at French Creek near Phoenixville. Some of the difference can be attributed to the different geologic settings, but a significant part is attributable to releases from Marsh Creek Reservoir.
METHODS FOR DETERMINING LOW-FLOW STATISTICS
Different methods were used to determine lowflow statistics for continuous-record stations depending on the length of record at the station, the effect of regulation, and the effects of carbonate rock in the basin. Existing and discontinued streamflowmeasurement stations were separated into four types: (1) continuous-record stations unaffected by regulation with greater than 10 years of record, (2) continuousrecord stations unaffected by regulation with less than 10 years of record, (3) continuous-record stations affected by regulation, and (4) continuous-record stations with drainage areas dominated by carbonate rock. The low-flow-frequency curves and subsequent statistics for all streamflow-measurement stations were determined and calculated by fitting the logarithms of annual low-flow values to the Log-Pearson type III frequency distribution (Riggs, 1968) . Streamflow data through the 1994 water year were used in the analyses. After the statistics were determined, variations and adjustments to the statistics were calculated depending on the station type. Partial-record sites were defined as sites where at least four low-flow measurements had been made. The measurements at the sites were correlated with daily mean streamflow at a selected index continuous-record station to estimate low-flow statistics.
CONTINUOUS-RECORD STATIONS
For streamflow-measurement stations that had greater than 10 years of record and that were unaffected by regulation or diversions, low-flow statistics were adjusted to long-term climatic conditions. These adjustments were made on the basis of the low-flow statistics for the station Big Elk Creek near Elk Mills, Md. (01495000) (Hirsch, 1982) , and the low-flow statistics were determined from that correlation line. An example of determining the 7Q10 and 30Q10 for Red Clay Creek from the correlation line is shown on figure 5. The lowflow values are selected by transferring the low-flow statistics from the index station (Big Elk Creek at Elk Mills, Md.; 7Q10 = 10.3 ft 3 /s, 30Q10 = 12.8 ft 3 /s) through the correlation line to the short-term continuous-record station (Red Clay Creek near Kennett Square, Pa; 7Q10 = 3.0 ft 3 /s, 30Q10 = 4.2 ft 3 /s).
For continuous-record stations that are affected by regulation or diversions, low-flow statistics were not adjusted to long-term conditions because the regulation has more effect than climate. The low-flow statistics were determined by use of the Log-Pearson type III frequency distribution (Riggs, 1968) for the period of record after the regulation began.
For the station Valley Creek at Turnpike Bridge near Valley Forge, whose drainage area is dominated by carbonate rock, low-flow statistics were determined for the period of record. The statistics for this station were not adjusted to long-term conditions.
PARTIAL-RECORD SITES
A partial-record site was defined as a surfacewater site at which a minimum of four streamflow measurements have been made during periods of low flow. The logarithms of the low-flow measurements (in cubic foot per second) at the partial-record sites were plotted against the logarithms of concurrent daily mean streamflow at a selected index station, and on the basis of the line of correlation determined by MOVE1, low-flow statistics were estimated (Stedinger and Thomas, 1985) . After an index station was selected and the correlation completed, the low-flow statistics for the partial-record site were calculated by use of the index station's statistics that were adjusted to longterm climatic conditions. Index stations were selected on the basis of the proximity of the station to the partial-record site, similar underlying geology, and similar drainage-area size. Stations used as index stations were Big Elk Creek at Elk Mills, Md., White Clay Creek near Newark, Del., West Branch Brandywine Creek near Honey Brook, Pa., and French Creek near Phoenixville, Pa.
A seasonal Kendall test for trend was applied to mean unadjusted streamflow data from the index stations. Trends in streamflow data can result from changes in land use over time or from a climatic trend. If a trend exists, it would affect the partial-record site where 7Q10 (station-long-term) is the 7-consecutive-day mean low flow having a 10-year-recurrence interval for the station adjusted to long-term climate conditions, 7Q10 Big Elk (long-term) is the 7-consecutive-day mean low flow having a 10-year-recurrence interval for Big Elk Creek near Elk Mills, Md., for the entire period of record, 7Q10 Big Elk (short-term) is the 7-consecutive-day mean low flow having a 10-year-recurrence interval for Big Elk Creek near Elk Mills, Md., for the period of record equal to the station, and 7Q10 (station-short-term) is the 7-consecutive-day mean low flow having a 10-year-recurrence interval for the station for the entire period of record.
low-flow statistics because the trend of the index station would be incorporated into the statistics for the partial-record site, even though the cause of the trend most likely would not be applicable to the partialrecord site. No trends were identified in the streamflow data from the index stations.
A correlation coefficient of 0.7 between the logarithms of streamflow measurements and logarithms of concurrent daily mean streamflow at index stations was selected arbitrarily as acceptable. Estimates of low-flow statistics were not reported if the correlation coefficient was less than 0.7. Streamflow measurements at partial-record sites were not used in the analysis if the flow at the index station on the day of the measurement was greater than the 75-percent flow duration, which was chosen arbitrarily. Precipitation records were reviewed, and if significant precipitation occurred 5 days prior to the streamflow measurement, the measurements were not included in the analysis. Correlated streamflow measurements from Doe Run at Springdell, Pa., and Little Elk Creek near Lewisville, Pa., and concurrent daily mean streamflow at Big Elk Creek at Elk Mills, Md., are shown in figures 6 and 7, respectively. On the basis of the correlation plots, the estimated 7Q10 for Doe Run and Little Elk Creek are 2.5 ft 3 /s and 2.0 ft 3 /s, respectively.
If a partial-record site was on a regulated stream, an index station was selected such that the streamflow record was affected by the same regulation. Partialrecord sites on the East Branch Brandywine Creek below the Marsh Creek Reservoir and West Branch Brandywine Creek are affected by regulation. Stations used as index stations for these partial-record sites were East Branch Brandywine Creek below Downingtown and West Branch Brandywine Creek at Modena.
LIMITATIONS OF THE LOW-FLOW STATISTICS
The reliability of calculated low-flow statistics at long-term continuous-record stations depends on the length of record, the time period during which the data were recorded, the stability of basin characteristics, and the type of statistical analysis applied to the data (Hayes, 1991, p. 18) . When calculating recurrence intervals of 10 years, it is preferable to have 20 years or more of data. The longer the period of record, the more confidence can be placed in the statistical analysis. The time period over which the data are collected is important because flow records that include data for several dry periods and wet periods should provide greater reliability than records that do not include such extreme or widely varying conditions. Basin characteristics, which affect the low flow of streams, inevitably change with time because of increasing development. Development typically results in increases in the number and extent of impervious surfaces, a reduction in vegetative losses of water (evapotranspiration), more rapid surface runoff, and either an increase or decrease in infiltration to ground water; all of which, in turn, affect the amount of water available for low flow.
The low-flow statistics presented for continuousrecord stations and partial-record sites in this report apply only to the stream reach where the sites are located. Low-flow statistics for other reaches along the stream will be different. Also, low-flow statistics presented for continuous-record stations that are affected by major regulations are applicable only if the regulation does not change.
For the partial-record sites, the distribution of the low-flow measurements over a large range of flows will improve the accuracy and increase subsequent confidence of the predicted low-flow statistics. For example, figure 6 shows the streamflow measurements from Doe Run in relation to concurrent daily mean streamflow for Big Elk Creek and the correlation line. The predicted 7Q10 lies outside the set of data points on the correlation line; the confidence in the low-flow estimates for Doe Run would be increased if some of the streamflow measurements were nearer the 7Q10. Hardison and Moss (1972) discuss the accuracy of estimating low-flow statistics by correlating low-flow streamflow measurements. 
LOW-FLOW STATISTICS
Low-flow statistics were determined for 16 continuous-record streamflow-measurement stations. Low-flow statistics for seven of these stations were adjusted to long-term climatic conditions. Low-flow statistics were estimated at 34 partial-record sites.
Low-flow statistics were not determined for the continuous-record station Valley Creek at Ravine Road near Downingtown, Pa. (01480887) (fig. 2 ). Because the station had not been operated for 10 years, frequency curves and low-flow statistics at the 10-year recurrence interval were not determined. Also, the basin is underlain predominantly by carbonate rock, thus no correlation to a continuous-record index station could be made. Also 
CONTINUOUS-RECORD STATIONS
Continuous-record stations unaffected by regulation and for which low-flow statistics were determined and adjusted to long-term conditions include the following (station numbers in parenthesis): 
PARTIAL-RECORD SITES
The low-flow statistics, 1Q10, 7Q10, and 30Q10, were determined for 34 partial-record sites throughout Chester County (table 4). The low-flow statistics were determined by use of the MOVE1 correlation technique, and the statistics were correlated to the adjusted low-flow statistics for selected index stations. The low-flow statistic estimates are listed in table 4. Locations of partial-record sites are shown on figures 8 through 14.
For partial-record site Sucker Run near Coatesville, the 7Q10 was determined by Page and Shaw (1977) on the basis of 10 streamflow measurements made between 1944-53; no streamflow measurements have been made since that time period, and the 7Q10 is for informational purposes. 
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SUMMARY
Low-flow statistics were determined from streamflow data for 14 continuous-record stations in Chester County, Pa., and from data for continuousrecord stations Big Elk Creek at Elk Mills, Md., and White Clay Creek near Newark, Del. Streamflow data through the 1994 water year were used in the analyses. The low-flow statistics summarized are the 1Q10, 7Q10, 30Q10, and harmonic mean. Several methods were used in determining the low-flow statistics depending on the station type. The continuous-record stations were separated into four types: (1) stations with 10 or more years of record, (2) stations with less than 10 years of record, (3) stations affected by streamflow regulation, and (4) stations on streams that are predominantly underlain by carbonate rocks. The low-flow statistics for the stations with 10 or more years of record were adjusted to long-term climatic conditions by use of the station Big Elk Creek at Elk Mills, Md., as a long-term index station.
Low-flow statistics for continuous-record stations affected by regulation were not adjusted to long-term conditions, and statistics were determined for the period after regulation began. Because current regulation releases are not expected to change in the foreseeable future, the low-flow statistics estimated for these stations are representative of current and nearfuture stream conditions. Low-flow statistics also were estimated for 34 partial-record sites in Chester County. The method used for estimating low-flow statistics at these sites related streamflow measurements at the site to daily mean streamflow at a selected continuous-record index station. The logarithms of the streamflow measurements were compared to the logarithms of concurrent daily mean streamflow at the selected index station. A relation was defined by a correlation line determined by use of the MOVE1 (Maintenance of Variance Extension, Type 1) technique. From the correlation line, low-flow statistics were determined.
The low-flow statistics determined for continuous-record stations and partial-record sites apply only to the stream reach in which the sites are located. Low-flow statistics for other reaches of streams will be different. 
